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ABSTRACT: In this work, the electrocatalytic oxidation of ethanol was studied in acidic media
at the wholly electrosynthesized nanocomposites: platinum and its alloys (copper and nickel)
nanoparticles/reduced graphene oxide on the carbon-ceramic electrode (Pt/rGO/CCE,
Pt-Cu/rGO/CCE, and Pt-Ni/rGO/CCE electrocatalysts). The electrosynthesized nanocomposites
were characterized by scanning electron microscopy, X-ray powder diffraction, and energy-dispersive
X-ray spectroscopy. Electrocatalytic activities of the Pt/rGO/CCE, Pt-Cu/rGO/CCE and
Pt-Ni/rGO/CCE toward ethanol oxidation were investigated via cyclic voltammetric and
chronoamperometric techniques in 0.1 M H2SQO, solution containing 0.3 M ethanol. The obtained
results show that the Pt-Ni/rGO/CCE was catalytically more active and exhibits better
electrocatalytic performance toward ethanol oxidation (ECSA=25.28, Jpf=0.156 mA/cm?,
Jpfflpb=1.12 and Eomst=0.2 V) than Pt-Cu/rGO/CCE (ECSA=19.09, Jpf=0.108 mA/cm?,
Jpf/Ipb=0.99 and Eoenset=0.3 V) and Pt/rGO/CCE (ECSA=28.28, Jpf=0.092 mA/cm?, Jpf/Ipb=0.55
and Eonset=0.35 V). The result of some effective and important investigational factors was studied
and optimize conditions were suggested. Based on the obtained data one can be expected that
the studied systems are promising systems for ethanol fuel cell applications.

KEYWORDS: Pt alloys; Reduced graphene oxide; Nanocomposite; Carbon-ceramic electrode;
Electrooxidation; Ethanol; Fuel cell.

INTRODUCTION

Over the past three decades, an increasing interest can
be observed in research centers for the innovation and
development of alternative power sources, for both
weather and environmental reasons and the low

availability of fossil fuels [1-4]. Reported results indicate
that the Direct Alcohol Fuel Cells (DAFCs) [5, 6] have been
regarded as one of the most appropriate and perspective
choices as an alternative power source to fossil fuels [7].
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Among different types of direct alcohol fuel cells,
methanol and ethanol fuel cells are suitable to power
sources due to their high energy density, low working
temperature, low pollutant emission, and ease of
production and management of the liquid alcohols [8, 9].
Experiences in research centers have been shown that
the direct ethanol fuel cells work much like direct methanol
fuel cells [10]. However, ethanol is a hydrogen-rich
liquid (6H per molecule), less toxic and has a higher
specific energy (8.0 kWh/kg which corresponds to 12e-
per molecule for total oxidation) compared to methanol
(6.1 kWh/kg) [11]. Also, ethanol can be obtained through
a fermentation process in large scale from renewable
resources like sugar cane, wheat, corn, or even straw [12].
Slow electro-kinetic properties of ethanol oxidation
due to the breaking of the C-C bond for a total oxidation
to CO; process and/or its partial oxidation are the major
problems in electrocatalysis development and achieving
high efficiency of electrooxidation reaction need to be
introducing capable heterogeneous or homogenies
electrocatalyst materials to increase the rate of
electrochemical reaction [13]. It is well known that the
Pt-based catalysts are the most active electrocatalyst for
energy conversion and production via fuel cell
technology [14]. However, the electrocatalytic activity of
pure and smooth Pt for ethanol oxidation is limited
because Pt will be easily poisoned by intermediate
species such as CO during the electrooxidation process [15]
and also it is highly expensive, so it is necessary
to decrease the use of Pt and improve its efficiency [16].
Therefore, it is required to design new form of Pt based
electrocatalysts to improve the Kkinetic of ethanol
oxidation and also to find capable supports for such
electrocatalysts to reduce their amount and cost [17-27].
On the other hand, poisoning of effect of the CO
on the Pt particles can be efficiently decreased through surface
reaction with neighboring OH,gs species electrosorbed
from water oxidation [28]. So, alloying of Pt atoms with
oxophilic metals provides OHqgs Species on second metal
sites at more negative potentials compared with pure Pt
and, therefore, allows electrocatalytic oxidation of CO
at lower anodic overpotentials. Among these alloys,
bimetallic Pt-M (M=Ni, Cu, Ru and ...) electrocatalysts
have been demonstrated to exhibit attractive
electroactivity [6, 8, 13, 17, 18, 20-26]. A survey
in the literature shows that the Pt alloy nanoparticles

168

Habibi B. & Haghighi Shishavani Y.

Vol. 38, No. 3, 2019

have been widely used as electrocatalysts for ethanol
oxidation [29-39]. Alternatively, the choice of a suitable
supporting material is an imperative factor that may
affect the performance and consumable of the supported
Pt-based electrocatalysts owing to their interactions and
surface reactivity’s [33-41]. In fact, physicochemical
characteristics and surface chemistry of a support
material influence the properties and performance of
supported electrocatalysts [42-44]. The support material
can assist the formation of highly distributed
electrocatalyst nanoparticles with small and tunable size,
narrow size distribution and consequently reduces their
consumption and increases their efficiency and improves
the performance [2, 8, 14, 26, 30, 32, 33-38, 40-44].
Carbon materials as support are of special interest due to
their outstanding properties, such as their tunable shape,
size, porosity, chemical stability, corrosion resistance,
low cost, good thermal resistance, and electrical
conductivity [[33-38, 40-44]. Graphene, one-atom thick
planar sheet of carbon atoms, and its families
have been attracted tremendous scientific attention in recent
years [33-38, 45-50]. Graphene family’s exhibit superior
electrical conductivity and extremely high specific
surface area, and therefore, graphene and their families
should be explored as suitable support materials to
improve electrocatalytic activities of electrocatalyst
nanoparticles for ethanol oxidations [33-38, 51, 52].
In recent years, reduced graphene oxide (rGO), one of the
most famous members of the graphene family, is widely
used as a support for electrocatalysts nanoparticles in
ethanol electrooxidation reactions [33, 37, 49, 50, 53-62].

In this study, Pt, Pt-copper (Pt-Cu) and Pt-nickel (Pt-Ni)
alloy nanoparticles are  electrodeposited  on/in
electrosynthesized rGO layers supported on Carbon-
Ceramic Electrode (CCE) and resulted nanocomposites
are applied as the electrocatalysts for ethanol oxidation.
The  electrosynthesized  nanocomposites  (Pt/rGO,
Pt-Cu/rGO, and Pt-Ni/rGO) are characterized by X-Ray
powder Diffraction (XRD), Scanning Electron Microscopy
(SEM) and Energy-Dispersive X-ray (EDX) spectroscopy.
And then the electrocatalytic activities of Pt/rGO/CCE,
Pt-Cu/rGO/CCE, and Pt-Ni/rGO/CCE are systematically
investigated for ethanol oxidation in acid media.
The result of some effective and important investigational
factors is studied and optimize conditions are suggested.
Based on the obtained results, one can be expected that
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the studied systems are the promising systems for ethanol
fuel cell applications.

EXPERIMENTAL SECTION
Chemicals

Methyltrimethoxysilane (MTMOS), methanol, ethanol,
potassium permanganate, hydrogen peroxide, H.PtCls.5H,0,
CuCl,.2H,0, NiCls.6H,O, HCI, H,SO. and graphite
powder with high purity were obtained from Merck.
All solutions were prepared with double distilled water.

Preparation of graphene oxide

Graphene Oxide (GO) was prepared according to
Hummer’s method [65]. Briefly, 5.0 g of thermally treated
graphite powder was added to 115 mL H;SOs 98%
in an ice bath. 15.0 g of potassium permanganate were gradually
and with carefully controlled rate added in the ice bath
with stirring of the solution to avoid sudden increase
in temperature. The obtained mixture was kept at 35 °C
for 30 min and then 230 mL of double deionized water
was slowly added to the product container, causing increase
in temperature to 98 °C. After 15 min, the mixture
was further treated with 700 mL of double deionized water
and 50 mL of 30% H,0- solution, respectively. GO as final
product was separated and then washed with double deionized
water for several times to remove residuals until pH
reached to 7 and finally dried it at 65 °C in a vacuum oven.

Preparation of Pt/rGO, Pt-Cu/rGO, and Pt-Ni/rGO
modified carbon-ceramic electrodes

Carbon-Ceramic Electrode (CCE) as a homemade
substrate was constructed [60, 62, 65, 66, 75] based on
the sole-gel processing method according to the following
procedure: The amount of 0.9 mL MTMOS as precursor
was mixed with 0.6 mL methanol. Then, 0.6 mL HCI 0.1 M
was added as a catalyst and the mixture was magnetically
stirred (for about 15 min) until a clear and homogeneous
solution was produced. Then, 0.3 g graphite powder was
added and the mixture was shaken for another 5 min.
Subsequently, the homogenies mixture was firmly packed
into a Teflon tube (with 3 mm inner diameter and 10 mm
length) and dried for at least 24 h at room temperature.
A copper wire was inserted through the other end of tube
to set up electric contact.

Preparation of the Pt/rGO/CCE: The CCE surface
was polished with 1500 emery paper to obtain a smooth
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Fig. 1: Consecutive CVs (eight cycles) of CCE in 0.07 M
phosphate buffer solution (pH=8.5) containing 1.0 mg/mL GO.

surface and rinsed with double distilled water. Cyclic
voltammetry was used for electrochemical deposition of
rGO nanosheets on the CCE from 1.0 mg/mL GO in
aqueous 0.07 M phosphate buffer pH=8.5 solution as the
supporting electrolyte. Fig. 1 shows the consecutive
Cyclic Voltammograms (CVs) of GO reduction on the
CCE in 0.07 M phosphate buffer solution pH=8.5.
As can be seen in Fig. 1, during forwarding first potential
scan an anodic peak (a;) in -0.4 V versus Saturated
Calomel Electrode (SCE) and in reverse potential scan
two cathodic peaks (ci, ¢;) in -0.65, -0.8 V versus SCE
have appeared. Peaks of a; and ¢; corresponding to oxidation
and reduction of oxygen-containing groups on the GO
respectively [62, 63]. With consecutive scans, the
currents of a; and c; peaks were increased which
represents electrochemically deposition of rGO on CCE.
Cathodic peak (c;) corresponds to electrochemically
reduction of GO and was disappeared in final cycle which
represents GO fully reduced.

After drying the rGO/CCE, the Pt nanoparticles
were electrochemically deposited on the rGO/CCE from
1.0 mM HyPtClg in aqueous 0.1 M H,SO4 solution
as the supporting electrolyte [65].

Preparation of Pt-Cu/rGO/CCE: As above, after
polishing of the CCE, the rGO nanosheets were
electrodeposited on the CCE to prepare of rGO/CCE.
Then the Pt-Cu alloy nanoparticles were electrodeposited
[potentiostatically at -0.3 V versus (SCE)] on the
rGO/CCE from an aqueous solution of 0.1 M H,SO4
containing H.PtCls and CuCl, (total concentration of
two salts equal to 1.0 mM with 2:1 ratio) at 25 °C.
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Preparation of Pt-Ni/rGO/CCE: This electrocatalyst
was prepared by the same above process. Just, the Pt-Ni
alloy nanoparticles were electrodeposited
[potentiostatically at -0.3 V versus (SCE)] on/in the
rGO/CCE from an aqueous solution of 0.1 M H;SO4
containing HyPtCls and NiCl, (total concentration
of two salts equal to 1.0 mM with 2:1 ratio) at 25 °C.

Instrumentation

The electrochemical tests were carried out by utilizing
an AUTOLAB PGSTAT-100 (potentiostat/galvanostat)
equipped with a USB electrochemical interface and
driven GEPS software. A conventional three-electrode
cell contains: the nanocomposite modified electrodes
(Pt-rGO/CCE, Pt-Cu/rGO/CCE and Pt-Ni/rGO/CCE),
SCE and a Pt wire respectively as the working, reference,
and auxiliary electrodes were used at room temperature.
JULABO thermostat was used to control cell
temperature. SEM and EDX experiments were performed
on a LEO 440i Oxford instrument. XRD patterns
was obtained using a Brucker AXF (D8 Advance) X-ray
power diffractometer with a Cu-Ka radiation source
(1=0.154056 nm) generated at 40 kV and 35 mA.

RESULTS AND DISCUSSION
Physical characterization

The crystallographic structure of the prepared
electrocatalysts was investigated by XRD patterns.
The XRD patterns of the Pt/rGO/CCE, Pt-Cu/rGO/CCE
and Pt-Ni/rGO/CCE are shown in Fig. 2 (a-c respectively).
There are two typical diffraction peaks at 26 = 26.6°
and 55° in all patterns which can be attributed to supporting
carbonic material (graphite powder) (002) and (006),
respectively. The diffraction peaks at 20 = 40.2°, 46.5°,
and 68.3° (pattern a in Fig. 2) can be assigned
to the characteristic planes of Pt (111), (200) and (220)
in PtrGO/CCE. The XRD patterns of the Pt-Cu/rGO/CCE
and Pt-Ni/rGO/CCE in Fig. 2 (pattern b and c) present
also the main characteristic peaks of the face-centered
cubic (fcc) crystalline Pt at 20 = 41.5, 46.8 and 68.3,
namely, the planes (111), (200) and (220). The slight
shifts of the Pt diffraction peaks in the Pt-Cu/rGO and
Pt-Ni/rGO reveals the formation of the alloy due to the
incorporation of Cu and Ni atoms into the fcc structure of
Pt [66, 67]. Also as can be seen in the Fig. 2 patterns b
and c, absence of any distinct reflection peaks due
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Fig. 2: XRD patterns of Pt/rGO/CCE (a), Pt-Cu/rGO/CCE (b),
and Pt-Ni/rGO/CCE (c).

the presence of Cu and Ni atoms than those of the above
mentioned peaks indicates that these electrocatalysts have
prevailed Pt (fcc) crystal structure [68, 69].

Surface  morphology and chemical structural
characterization of Pt/rGO/CCE, Pt-Cu/rGO/CCE, and
Pt-Ni/rGO/CCE were investigated by SEM and EDX.
The SEM images of Pt/rGO, Pt-Cu/rGO and Pt-Ni/rGO
nanocomposites on the CCE are presented in Fig. 3 (a),
(c) and (e), respectively. The high magnification of SEM
images of PtrGO, Pt-Cu/rGO, and Pt-Ni/rGO
nanocomposites are also shown in Fig. 3 (b), (d) and (f),
respectively. Fig. 3 image k shows the SEM of
the rGO/CCE surface. As can be seen, the surface of CCE
is completely protected by rGO layers and is favorable for
electrodispersion of metallic nanoparticles. According to
Fig. 3 (a, b), it could be seen that cauliflower like Pt
nanoparticles exhibits very well uniform spreading and
homogeneously range in size. Fig. 3 image ¢ and d show
SEM and high magnification SEM images of
Pt-Cu/rGOI/CCE. It can be seen that cypress form of Pt-Cu
nanoparticles has dendrimer mode and are in an average
diameter of 20 nm.

Fig. 3 images d and f show the cluster form of the
Pt-Ni nanoparticles with small size and narrow size
distribution. Parts (g), (h) and (i) show the EDX
spectrums of Pt/rGO/CCE, Pt-Cu/rGO/CCE and
Pt-Ni/rGO/CCE, respectively. As shown in Fig. 3 part (g),
two main peaks assigned to C (related to the substrate)
and also two key peaks of Pt atoms can be observed.
On the other hand, in Fig. 3 (h, i), it is evident that Pt, Cu, and
Ni atoms are present on the nanocomposites. The presence
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Fig. 3: SEM images of Pt/rGO/CCE (a), Pt-Cu/rGO/CCE (c), Pt-Ni/rGO/CCE (e), high magnification SEM images of
Pt/rGO/CCE (b), Pt-Cu/rGO/CCE (d), Pt-Ni/rGO/CCE (f), SEM image of rGO/CCE (j), EDX spectrum of Pt/rGO/CCE (g),
Pt-Cu/rGO/CCE (h), Pt-Ni/rGO/CCE (i).
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of small oxygen peak in Fig. 3 (g-i) means that rGO
contains a small amount of carboxyl and hydroxyl group
and implies that the GO was converted into rGO
in the electrochemical deposition process.

Electrochemical characterization

Fig. 4 shows the CVs of Pt-Cu/rGO/CCE and
Pt-Ni/rGO/CCE electrocatalysts in an acidic media (0.1 M
H>SO. aqueous solution) within the potential range of
-0.3 and 1.3 V at a scan rate of 50 mV s. As can be seen
in Fig. 4, whole profile of both CVs contain three pairs of
anodic and corresponding cathodic peaks (I/I', 1I/1I" and
II/1T) in the scanned potential range. Form the left
direction, the first two couples (I/I" and 11/11) at negative
potentials region (-0.3 to 0 V) are correspond to the
adsorption/desorption of hydrogen (weak and strong
adsorption/desorption  state) on the electrocatalyst
nanoparticles, while the third pair (111/111") that appeared
in positive potentials region (0.3 to 1.3 V) corresponds
to the formation of a different form of Pt oxide and their
reduction in negative scans, respectively [50]. Inset of Fig. 4
shows the CV of Pt/rGO/CCE in the same conditions for
comparison. According to Fig. 4 and its inset, the current
of adsorption/desorption of hydrogen are reduced
in Pt-Cu/rGO/CCE and Pt-Ni/rGO/CCE electrocatalysts
in comparison with Pt/rGO/CCE due to the reduction
of their Pt amount [50, 55, 56, 58]. It is clear that
the electrocatalytic activities of an electrocatalyst
are expected to depend on the number of available active
surface sites. On the other hand, electrocatalytic activities
referred to real Pt nanoparticle surface area have a clear
physical significance in their performance evaluation [8, 70].
Always, the electrochemical surface area (ECSA) of
an electrocatalyst is defined as the measure of the number
of electrochemically active sites per milligram of
electrocatalysts [6, 11, 36-39]. Measurement of electric
charge related to the hydrogen adsorption peaks is widely
used for estimating of the ECSA [69, 70-72]. The ECSAs
of Pt/rGO/CCE, Pt-Cu/rGO/CCE, and Pt-Ni/rGO/CCE
have estimated by calculation of electric charge of the
hydrogen adsorption peaks area (Qun) according to
Equation (1):

ECSA= Qu/[Pt] 0.21 )

Where [Pt] in mg represents the Pt loading in the
electrocatalyst, Qn represents the electric charge in mC
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Fig. 4: CVs of Pt-Cu/rGO/CCE and Pt-Ni/rGO/CCE
electrocatalysts in 0.1 M H>SOs at a scan rate of 50 mV/s
(25°C). Inset is the CV of Pt/rGO/CCE in the same conditions.

that was measured form the hydrogen adsorption peaks
area and the constant 0.21 (mC cm?) represents
the maximum surface charge transferred to Pt during
the adsorption of hydrogen monolayer [70-72]. The calculated
values of ECSAs for the present electrocatalysts along
with smooth Pt are listed in Table 1. These ECSA values
of the electrocatalysts are in order of Pt/rGO/CCE>Pt-
Ni/rGO/CCE>Pt-Cu/rGO/CCE>Smooth Pt.

Electrocatalytic activity for ethanol electrooxidation
reaction

The catalytic activity of present electrocatalysts
was investigated by cyclic voltammetry in the solution of
ethanol (0.3 M)/H,SO4 (0.1 M) at a scan rate 50 mV/s. Fig. 5
shows the CVs of ethanol electrooxidation on the
Pt/rGO/CCE (a), Pt-Cu/fGO/CCE (b) and Pt-
Ni/rGO/CCE (c), respectively. During the forward scan,
there are two oxidation peaks in the profiles of the all
CVs: these two anodic peaks at potentials about 0.6 V
and 1.1 V correspond to direct electrooxidation of the
two kinds of chemisorbed species of this fuel at the surface
of the electrocatalyst that can be assigned to the total
ethanol oxidation (process 2 in the below) in this
condition. Several electrochemical and spectroscopic
investigations [13, 29, 73, 74] have been reported on the
electrooxidation of ethanol in acid solution and based on
their results, the following mechanisms have been suggested
according to the parallel reactions:

CH3CH,OH —[CH,CH,0H] _ — @)

Ciags: Coags — CO, total oxidation
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Table 1: Comparison of ECSA values for smooth Pt, Pt/rGO/CCE, Pt-Cu/rGO/CCE and Pt-Ni/rGO/CCE.

Electrocatalyst smooth Pt

Pt/rGO/CCE

Pt-Cu/rGO/CCE Pt-Ni/rGO/CCE w

T )

ECSA 0.39

19.09 25.28 J

J (mA/cm?)

1.8

E(V vs SCE)

Fig. 5: CVs of 0.3 M ethanol on the Pt/rGO/CCE (a),
Pt-Cu/rGO/CCE (b) and Pt-Ni/rGO/CCE (c) in 0.1 M H2SO4
at scan rate of 50 mV/s.

CH3CH,OH —[CH,CH,0H] - 3)

CH;CHO — CH,;COOH partial oxidation

In process 2, Ciags and Copags represent the two
adsorbed intermediates on the surface of electrocatalysts
with one and two carbon atoms, respectively.

The other anodic peak (sharp and needle like)
in the backward scan at about 0.4 V corresponds
to the oxidation of intermediates which formed in the forward
scan [53]. Comparison of CV a, b and ¢ in Fig. 5 shows
that the ethanol electrooxidation current densities
at the Pt-Ni/rGO/CCE electrocatalyst (CV c) are higher
than Pt/rGO/CCE (CV a) and also Pt-Cu/rGO/CCE (CV b)
[6, 20, 48, 58, 60, 72]. l.e. the forward peak current
densities of ethanol electrooxidation in this condition are
as the following order:

Pt-Ni/rGO/CCE>Pt-Cu/rGO/CCE>Pt/rGO/CCE.

From Fig. 5, also, it can be observed that the onset
potential of ethanol electrooxidation on the Pt-
Ni/fGO/CCE, Pt-Cu/rGO/CCE and Pt/rGO/CCE
electrocatalysts is about 0.2 V, 0.3 V and 0.35 V versus
SCE, respectively. i.e., the onset potential of ethanol
electrooxidation on the Pt-Ni/rGO/CCE is lower than
those on the Pt-Cu/fGO/CCE and Pt/rGO/CCE
electsocatalysts. These results indicate that the addition of
Ni and Cu into Pt nanoparticles and formation of alloy
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can significantly improve the performance of electrocatalyst
for the ethanol electrooxidation and signify that the
Pt-Ni/rGO/CCE and Pt-Cu/rGO/CCE electrocatalysts are
more active than Pt/rGO/CCE. However, the comparison
of these two alloys shows that the Pt-Ni/rGO nanocomposite
can significantly improve the electrocatalyst performance
for the ethanol electrooxidation. On the other hand,
the reverse anodic peak current densities are: Pt-Ni/rGO/CCE
(0.107 mA/cm?), Pt-Cu/rGO/CCE (0.096 mA/cm?) and
Pt/rGO/CCE (0.127 mA/cm?). The ratio of the forward
anodic peak current density (Jpr) to the reverse anodic
peak current density (Jp,) can be used to describe
the electrocatalyst tolerance to carbonaceous species such as
CO [60, 62, 65, 66, 70]. Pt-Ni/rGO/CCE electrocatalyst
has a ratio of 1.12 which is higher than Pt-Cu/rGO/CCE
(0.99) and Pt/rGO/CCE (0.55), a result which suggests
that the Pt-Ni/rGO/CCE electrocatalyst generate more
complete oxidation of ethanol to carbon dioxide than
others. These results again suggest that the presence of Ni
and also Cu can decrease the barrier of the ethanol
oxidation, and Pt-Ni/rGO nanocomposite have higher
performance than Pt/rGO and also Pt-Cu/rGO
nanocomposites. The effects of Cu and especially Ni
elements at the present binary alloys in the enhancement
of ethanol electrooxidation reaction rate can be
reasonably explained based on the following triple
reasons [33, 50, 55, 56, 58]: Firstly through the
bifunctional mechanism, which should consider
adsorption properties of CO and OH species on every
component of alloy, secondly by the electronic
interaction between the Pt and Ni (or Cu) element,
and thirdly by the growth in ECSA due to the ‘leaching out™
effect of the alloying element (Ni or Cu). According to
the first factor, an efficient electrocatalyst facilitates CO
desorption on Pt atoms by the formation of OH,gs on the
Ni atoms. Therefore, CO adsorption mainly occurs on Pt,
while OHags species easily interact with Ni or Cu atoms
surface. Hence, the binary combination supplies the best
overall —activity and high kinetic for ethanol
electrooxidation.

Ni or Cu+H,0 — NiOH,y or CuUOH,, +H" +e~  (4)
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Table 2: Comparison of the performance of the Pt-Ni/rGO/CCE electrocatalyst with others toward electrooxidation
of ethanol in acidic solution.

/ Electrocatalyst Eonset * Ept Epo lot (MA cm2)** lp (MACM2) | Il lp Stability Ref. \
/c;(tgﬁgjgi)m 0.160 0.659 0.409 1.0(Srear) 0.95 1.05 600 s (0.09 mA cm?) 17
Pt-NiO,/C 0.449 0.64 1.68 (Srea)) 3600 s (0.158 mA cm?) 19
Pt;Ni/C 0.282 0.815 0.509 0.53(SRea) 0.54 0.98 18005 (0.07 mA cm?) 20
Pt sNi/C 0.279 0.809 0.524 1.48 (Srea) 31 0.48 1800 s (0.2 mA cm?) 20
Pt;Co@Pt/PC 0.21 051 0.3 0.75 mA pg Pt 0.6 1.25 - 22
PtSn/CNTs 0.41 0.88 0.75 1.36(Sreal) 1.56 0.87 3600 s (20 mA mg* Pt) 26
Pt/Ta 0.4 0.7 0.37 19 mA 20.5 0.93 4005 (3 mA) 27
PtsSn/GO 0.54 0.82 0.4 31 (Seeo) 20 1.55 3000 s (32 mA cm??) 36
Pt-Ru-graphene 0.0 0.66 0.46 18.1 5.23 3.46 - 53
PtRuNi/FLG 0.31 0.8 0.47 1.08 mA mg* Pt 1.65 0.66 1205 (0.37 mA mg Pt) 55
Pt-Ni/CCE 0.318 0.868 0.23 2.49(SRea)) 15 1.66 - 60
Pt-Cu/RGO 0.25 0.68 0.4 0.75(SRea)) 0.82 091 3000 s (0.07 mA cm?) 61
Pt/CCE 0.1 0.62 0.37 34 (Seeo) 39 0.87 3000 s (8.4 mA cm?) 75

th-Ni/rGO/CCE 0.2 0.8 0.3 0.156 (Srear) 0.14 112 1000 (2.6 mA cm?) This woy

* vs SCE and **Sge,= based on geometric surface area and Sgeas based real surface area.

NiOH,4, or CuOH,4 +PtCO,4 — (5)

CO, +Pt+Nior Cu+H" +e”

In order for a comprehensive evaluation, a
comparison of the designed electrocatalyst with previous
related reports is necessary. To compare the
electrocatalytic performance of the Pt-Ni/rGO/CCE
toward ethanol oxidation in acidic media with other
electrocatalysts,
the electrochemical parameters such as Eonset, Epf, Epb, lp,
lob, Ipillob @nd stability obtained in this study and reported
results were listed in Table 2.

Table 2 shows that the Pt-Ni/rGO/CCE displays better or
comparable electrocatalytic performance in comparison with
other reported electrocatalysts in ethanol oxidation.

Parameters affecting the ethanol electrooxidation
Ethanol concentration effect

In this section, the effect of ethanol (fuel)
concentration on its electrooxidation and corresponding
forward anodic peaks current density was investigated
by cyclic voltammetry at the Pt/rGO/CCE, Pt-Cu/rGO/CCE
and Pt-Ni/rGO/CCE electrocatalysts for the evaluation of
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their electrocatalytic capacity. According to the
experimental results (not shown here), the forward anodic
peaks current density of the ethanol oxidation on the
Pt/rGO/CCE, Pt-Cu/fGO/CCE and Pt-Ni/rGO/CCE
increased by increasing of its concentration and reached
to nearly constant value at concentration higher than 1.5 M
due to saturation of ECAS of the electrocatalysts.

Temperature effect

Temperature effect on the ethanol electrooxidation
and corresponding forward anodic peaks current density
at the Pt-Ni/rGO/CCE electrocatalyst in acidic media was
investigated and the obtained results are shown in Fig. 6
A. With increasing temperature from 20 to 60 °C, the CV
currents rise by a factor of about 3. As can be seen in Fig. 6 B,
the forward anodic peaks current density (first anodic
peaks current density curve a and second anodic peaks
current density curve b) of ethanol electrooxidation
increase with increasing medium temperature up to 60 °C.
The incremental effect of medium temperature
may be attributed to the (a) decreasing the CO coverage
on the electrocatalyst nanoparticles surface with increasing
temperature, (b) increasing of ethanol adsorption due to
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Fig. 6: CVs of the ethanol (0.3 M) electrooxidation at the Pt-Ni/rGO/CCE electrocatalyst in different temperatures (A) and plot of
forwarding anodic peak current densities as a function of temperature [curve a for (peak 1) and curve b for (peak I1)] (B).

decreasing the CO coverage and resulting acceleration of
the electrode reaction kinetics [75-78]. It should be noted that,
in higher temperature (>60 °C), the current densities of
forwarding anodic peaks decrease with increasing
of the medium temperature. This effect can be attributed
to the progressive evaporation of ethanol at high temperatures.
Same results were obtained for Pt/rGO/CCE and
Pt-Cu/rGO/CCE.

Upper limit potentials (EU) (anodic reversal potential)
effect

Fig. 7 shows the CVs of ethanol electrooxidation
on the Pt-Ni/rGO/CCE electrocatalyst in different EU from
0.8-1.5 V. As can be seen in Fig. 7, by increasing
the final upper positive potential limit, the changes in the
CV profiles and peak current densities of the ethanol
electrooxidation can be concluded as anodic peak current
density and anodic peak potential in the forward scan
remain approximately unchanged but the oxidation peak
current density in the backward scan increase with
increasing EU and finally decrease (Hill-like changes).
As reported in the literature [76], oxidation peak in the
backward scan is related to the oxidation of ethanol
molecules, ethanol residues in reaction pathway and
intermediates and potential depended products of ethanol
electrooxidation [76, 77]. Same results were obtained
for Pt/rGO/CCE and Pt-Cu/rGO/CCE electrocatalysts.

Scan rate effect

The effect of the scan rate on the ethanol electrooxidation
at the Pt-Ni/fGO/CCE electrocatalyst was studied for
obtaining the kinetic information. Fig. 8 shows the CVs
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Fig. 7: CVs of ethanol (0.3 M) electrooxidation in 0.1 M
H2S0s at the Pt-Ni/rGO/CCE electrocatalyst in different upper
limit potential: (1) -0.2t0 0.8 V, (2) -0.2t0 0.9 V, (3) -0.2t0 1.0
V, (4)-02t01.1V, (5)-0.2t0 1.2V, (6) -02t0 1.3V, (7) -0.2
to 1.4 V and (8) -0.2 to 1.5 V, scan rate 50 mV/s.

of the ethanol electrooxidation at the Pt-Ni/rGO/CCE
electrocatalyst at different scan rates. As can be seen,
by increasing the scan rate the current density in all CVs was
increased. Looking at the whole of CVs clearly reveal that
the peak current of two main anodic peaks (I and Il) in the
forward scan, reduction peak (I11) due to the reduction of
different form of Pt oxides and oxidation peak (IV)
in the backward scan increase linearly with the scan rate.
Inset A in Fig. 8 (curve a and b) shows the plots of
the peak currents of two main peaks as a function of
the square root scan rate (v”?). As can be seen, the current
values of main two anodic peaks are liner vs. v}2, Inset of
B shows the peak current of main peaks [curve a (process I)
and b (process Il)] as function of scan rate. From
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Fig. 8: CVs of ethanol (0.3 M) electrooxidation in 0.1 M
H>SO, at the Pt-Ni/rGO/CCE electrocatalyst in different scan
rates. Plot of Ips for peak | and Il versus square root of scan
rate (curve a, b) (A), plot of Ips for same peaks versus scan
rate (B), variation of peak potential of first anodic peak ()
(curve a), second anodic peak (I1) (curve b), cathodic peak
(1) (curve c), anodic peak (1V) (curve d) (C) and AE between
of the peak potential of process | and 1V (curve a), Il and IV
(curve b), Il and IV (curve c¢) (D).

the curves in inset B, it can be seen that the peak current of
the main peaks varies nonlinearly with scan rate. These
behaviors indicate that the electrocatalytic processes are
controlled by diffusion. For backward scan, in different
scan rates the time and opportunity for poisoning species
to adsorb on nanoparticles surface was chanced and
different amounts of these species will be attracted
on the electrocatalyst surface. On the other hand, in
different scan rates the transformation of Pt atoms to Pt
oxides is accelerated or decelerated according to
increasing or decreasing of scan rate, so in backward
scan, the current of reduction of Pt oxides peak (I1) to Pt
and oxidation peak related to ethanol (IV) in backward
scan is altered. Therefore, in low scan rates Pt oxides
convert to Pt and produce enough clean Pt surface for
ethanol to be oxidized and result in an increase of
currents of process (I11) and (IV). Whereas, in high scan
rates there is not enough time for poisoning species
to occupy the nanoparticle sites, so nanoparticles are
clean to electrocatalyze of the ethanol molecules. Insets of C
and D show the effect of scan rate on the peak potentials
of different processes I and AE between them (D).

Same results were obtained for Pt/rGO/CCE and
Pt-Cu/rGO/CCE.
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Chronoamperometric study

The chronoamperometric  technique was used
to the study of the long-term stability of Pt/rGO/CCE,
Pt-Cu/rGO/CCE, and Pt-Ni/rGO/CCE electrocatalysts
in  electrooxidation of ethanol. The resulted
chronoamperograms in acidic solution [H.SO4 (0.1 M)]
of ethanol (0.3 M) at 0.6 V (vs SCE), were shown in Fig. 9.
For all electrocatalysts, the observed current decreased
rapidly in initial times probably due to poisoning of
the electrocatalyst surface active sites [78-80]. As can be seen,
the rate of decreasing in the initial current for
the Pt-Ni/rGO/CCE electrocatalyst is very low compared to
others. Then the currents decrease gradually with time.
After 1000 s, the order of the final currents is:
Pt-Ni/rGO/CCE (curve c, 2.6 mA cm?)>> Pt-Cu/rGO/CCE
(curve b, 1.1 mA cm2)> Pt/rGO/CCE (curve a, 0.85 mA
cm?). Therefore, the Pt-Ni/rGO/CCE electrocatalyst
shows higher current compared with Pt-Cu/rGO/CCE and
Pt/rGO/CCE and demonstrates its greater long-term
stability. On the other hand, these results again confirm
that the addition of Ni atoms in alloy can enhance
the stability and resistance to CO poisoning of Pt alloy
electrocatalyst in ethanol electrooxidation. Based
on the above results, it can be again concluded that
Pt-Ni/rGO/CCE has the highest electrocatalytic
performance.

CONCLUSIONS

Pt/rGO, Pt-Cu/rGO, and Pt-Ni/rGO nanocomposites
were successfully synthesized by electrochemical method
on the Carbon-Ceramic Electrode (CCE). The
electrosynthesized nanocomposites were characterized
by SEM, XRD, and EDX. The electrocatalytic oxidation of
ethanol was studied in acidic media at the Pt/rGO/,
Pt-Cu/rGO/CCE and Pt-Ni/rGO/CCE electrocatalysts.
According to the obtained results of electrochemical
investigations, Pt-Ni/rGO/CCE electrocatalyst present
greater electrocatalytic performances toward ethanol
electrooxidation compared to Pt/rGO/CCE and also
Pt-Cu/rGO/CCE electrocatalysts: Pt-Ni/rGO/CCE
(ECSA=25.28, Jpf=0.156 mA/cm?, Jpf/lpb=1.12 and
Eonset=0.2 V), Pt-Cu/rGO/CCE (ECSA=19.09, Jpf=0.108
mA/cm?, Jpf/Jph=0.99 and E,ns:=0.3 V) and Pt/rGO/CCE
(ECSA=28.28, Jpf=0.092 mA/cm?, Jpf/Jpb=0.55 and
Eonset=0.35 V). Indeed, with the introduction of Ni atoms,
the Jpf is increase, the Jpb and onset potential are decrease,
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Fig. 9: Chronoamperograms of the Pt/rGO/CCE (curve a),
Pt-Cu/rGO/CCE (curve b) and Pt-Ni/rGO/CCE (curve c)
electrocatalysts in 0.1 M H2SO4 + 0.3 M ethanol solution for
1000 s (polarization potential: 0.6 V).

the ratio of Jpf/pb is increasing and stability is also
increased, the results which indicate that the addition of
Ni atoms can efficiently release CO-like carbonaceous
species adsorbed on the Pt surface and increase
the Kinetic of ethanol electrooxidation reaction. Based
on the obtained results, one can be expected that
the Pt-Ni/rGO/CCE electrocatalyst is a promising system
for ethanol fuel cell applications.
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